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Neurons use a variety of mechanisms to homeostatically regulate neural network 
activity in order to maintain firing in a bounded range. One such process involves the 
bi-directional modulation of excitatory synaptic drive in response to chronic changes 
in network activity. Down-scaling of excitatory synapses in response to high activity 
requires Arc-dependent endocytosis of glutamate receptors. However, the temporal 
dynamics and signaling pathways regulating Arc during homeostatic plasticity are not 
well understood. Here we determine the relative contribution of transcriptional and 
translational control in the regulation of Arc, the signaling pathways responsible for the 
activity-dependent production of Arc, and the time course of these signaling events as 
they relate to the homeostatic adjustment of network activity in hippocampal neurons. We 
find that an ERK1/2-dependent transcriptional pathway active within 1-2 h of up-regulated 
network activity induces Arc leading to a restoration of network spiking rates within 
12 h. Under basal and low activity conditions, specialized mechanisms are in place to 
rapidly degrade Arc mRNA and protein such that they have half-lives of less than 1 h. 
In addition, we find that while mTOR signaling is regulated by network activity on a 
similar time scale, mTOR-dependent translational control is not a major regulator of Arc 
production or degradation suggesting that the signaling pathways underlying homeostatic 
plasticity are distinct from those mediating synapse-specific forms of synaptic 
depression. 
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INTRODUCTION 

Homeostatic control mechanisms are prevalent in biological sys- 
tems and are vital for maintaining physiological parameters 
within a preferred range (Davis, 2006). Homeostasis is particu- 
larly important in the nervous system as neuronal activity must 
be tightly regulated to preserve stable information flow in neural 
networks. Multiple mechanisms are in place to maintain network 
homeostasis and prevent periods of chronically high activity from 
leading to runaway excitation and periods of low activity from 
resulting in loss of transmission through the network (Marder 
and Goaillard, 2006). Importantly, mechanisms that regulate the 
strength of synapses as a means to normalize excitatory drive 
must still preserve differences in the weight of individual synapses 
to allow specific connections to be strengthened or weakened 
(Turrigiano, 2012). 

One well-characterized form of homeostatic plasticity is the 
scaling of excitatory synapses in response to chronic changes 
in network activity, which produces a proportional change 
in strength across the majority of synapses onto a neuron 
(Turrigiano et al., 1998). This synaptic scaling occurs bi- 
directionally to counterbalance the effects of altered network 
activity and is thus, a form of negative feedback. Scaling-down of 
excitatory synapses in response to chronic increases in network 
activity requires the activity-regulated protein Arc (Shepherd 



et al., 2006). In response to prolonged heightened levels of 
network activity, Arc levels increase and, via interactions with 
dynamin and endophillin, Arc stimulates the clathrin-dependent 
endocytosis of synaptic glutamate receptors (Rial Verde et al., 
2006; Shepherd et al, 2006; Waung et al, 2008). During periods 
of low activity, Arc levels drop, which allows the accumulation 
of synaptic glutamate receptors. This up- or down-regulation of 
glutamate receptors produces compensatory changes in excitatory 
drive that are thought to help restore firing rates to their preferred 
levels. Consistent with a negative feedback function for Arc in 
regulating neural activity, global deletion of Arc in mice leads to 
network hyperexcitability and seizures (Peebles et al., 2010). 

Arc additionally functions to weaken synaptic strength fol- 
lowing activation of metabotropic glutamate receptors (mGluRs), 
mediating a type of plasticity termed mGluR-dependent long- 
term depression (mGluR-LTD) (Luscher and Huber, 2010). In 
this form of synapse-specific plasticity, preexisting Arc mRNA 
is rapidly and locally translated near activated synapses (Park 
et al., 2008; Waung et al., 2008). The local accumulation of 
Arc triggers endocytosis of glutamate receptors at the stimu- 
lated synapse, resulting in a long-lasting depression of synaptic 
responses. Notably, mGluR-LTD requires new protein synthesis 
through coordinated activation of the mTOR and ERK 1/2 signal- 
ing pathways (Gallagher et al., 2004; Hou and Klann, 2004; Banko 
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FIGURE 1 | Arc mRNA and protein exhibit high basal turnover rates 
and translation-dependent mRNA decay. (A) Schematic depicting the 
elements of a homeostatic negative feedback system. (B) Decay curves of 
Arc mRNA (measured by quantitative RT-PCR, solid line) and protein 
(determined by western blotting, dashed line) from dissociated 
hippocampal cultures following treatment with 8\iM actinomycin D (ActD) 
for the indicated times in hours. (C) Western blotting of the synaptic and 
signaling proteins indicated in the legend revealed no effects of 6h 
treatment with actinomycin D on total protein levels or phosphorylation 
state. (D) Time courses of Arc mRNA accumulation (solid line) and protein 
degradation (dashed line) following treatment with 10|aM cycloheximide 
(CHX). (E) Decay curves of Arc mRNA levels following combined treatment 
with 8(iM ActD and 10u.M CHX (black line) versus ActD alone (shaded 
gray, replotted from B). 'Indicates significant difference (p < 0.05) from 
ActD alone. (F) Treatment with 50 nM rapamycin had no significant effect 
on Arc mRNA (top panel, solid line) or Arc protein (bottom panel, dashed 
line) levels. For comparison, Arc mRNA and protein levels following CHX 
treatment are replotted from (D) in shaded gray. (G) Diagram detailing 
experimentally-derived time constants for the production and degradation 
of Arc mRNA and protein. See methods for the derivation of these values. 
All data are from 2-3 independent experiments and are represented as 
mean ± SEM. Dotted lines at 100% indicate baseline levels. 



et al., 2006) and is altered in mouse models of autism spectrum 
disorders which have mutations in molecules involved in trans- 
lational control (Huber et al., 2002; Bateup et al., 2011; Takeuchi 
etal, 2013). 

The molecular events underlying mGluR-LTD have been well 
studied, however, less is known about the dynamics of the sig- 
naling pathways regulating Arc in response to chronic changes 
in network activity, a pathway that must be tightly controlled 
in order to maintain networks within their optimal operating 
range. For example, it is unknown whether the regulation of 
Arc in response to changes in network activity also requires sig- 
naling through mGluRs, ERK1/2, or mTOR and whether these 
molecules function within a common pathway. Moreover, while 
local protein translation is important for mGluR-LTD, Arc is 
an immediate early gene which is transcriptionally induced in 
response to activity (Link et al., 1995; Lyford et al, 1995). The 
relative contribution of translational and transcriptional control 
to the regulation of Arc during homeostatic plasticity is not well 
understood. 

Here we examine these questions in active networks of cul- 
tured mouse hippocampal neurons. We find that changes in Arc 
levels in response to manipulations of activity are mediated at the 
level of gene transcription and are independent of mGluRs and 
translational control through mTOR. Instead, the rapid, bidirec- 
tional control of Arc results from ERKl/2-dependent transcrip- 
tion and specialized mechanisms that rapidly degrade Arc mRNA 
and protein following activity- or transcriptional-blockade. Our 
findings delineate the temporal dynamics and signaling compo- 
nents of the Arc-dependent negative feedback pathway important 
for regulating excitatory synaptic drive and neural network activ- 
ity. Notably, we find that the signaling pathways underlying this 
form of homeostatic plasticity are largely distinct from those 
mediating synapse-specific forms of synaptic depression. 

RESULTS 

BASAL STATE KINETICS OF Arc PRODUCTION AND DEGRADATION 

Homeostatic control over a physiological variable can be consid- 
ered using control system theory (Figure 1A). A negative feed- 
back system typically comprises a comparator that calculates an 
error signal representing the difference between the operating and 
desired set points, a controller that amplifies or conditions the 
error signal, an actuator that alters the properties of the system, 
and a plant that produces the output of the system. A sensor mon- 
itors the output of the plant and provides a feedback signal to the 
comparator. The stability and robustness of the system depends 
crucially on the kinetics of the elements such that slow sensors 
or actuators often lead to oscillations. Conversely, although rapid 
feedback is often desired to stabilize control systems, overly rapid 
feedback would prevent dynamic modulation of the system in 
response to changing external factors. 

Using this framework, Arc can be thought of as an actua- 
tor of the negative feedback pathway and thus, may determine 
the temporal scale over which the homeostatic response oper- 
ates. Therefore, we examined the dynamics of Arc production 
and degradation in dissociated hippocampal neuronal cultures 
under basal conditions (Figures 1B-G). Previous studies indi- 
cate that Arc levels are tightly controlled by both transcriptional 



and translational mechanisms (Bramham et al, 2010). We find 
that under basal conditions, Arc mRNA, measured by quanti- 
tative PCR, is acutely sensitive to ongoing transcription such 
that its levels rapidly decline following transcriptional blockade 
with actinomycin D (ActD) with an mRNA half-life of ~45 min 
(Figures 1B,G). Similarly, protein levels decline quickly in ActD 
indicating a protein half-life of ~90min (Figures 1B,G). This 
is an underestimate of the true degradation rate of Arc protein 
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given the ongoing translation from pre-existing, albeit decay- 
ing, mRNA. Correcting for the mRNA degradation rate yields 
an estimate of a protein half-life of ~50 min (see Methods, for 
discussion of the quantitative model), consistent with a previ- 
ous report (Rao et al., 2006). The rapid decline of Arc protein 
is markedly different from the stability of other synaptic and sig- 
naling proteins over 6h of transcriptional blockade (Figure 1C). 
These data indicate that ongoing transcription is necessary to 
maintain basal Arc mRNA and protein levels and that processes 
are in place to rapidly degrade Arc mRNA and protein such that 
they have half-lives of less than 1 h. 

A previous report suggested that Arc mRNA was subject to 
translation-dependent mRNA decay (TDD) and that this might 
be a mechanism to tightly control the temporal and spatial activa- 
tion of Arc (Giorgi et al., 2007). In line with this, globally blocking 
protein translation with cycloheximide (CHX) resulted in a rapid 
and robust accumulation of Arc mRNA, whereas Arc protein was 
degraded in a time-dependent manner (Figure ID). Additionally, 
co-application of CHX and ActD slowed the degradation of 
Arc mRNA relative to application of ActD alone (Figure IE) 
providing further evidence that Arc mRNA is degraded in a 
translation-dependent manner. Notably, the TDD of Arc mRNA 
was only observed by directly blocking translation with CHX, a 
drug that inhibits elongation of the polypeptide chain. When we 
used rapamycin to block mTOR complex 1, which regulates trans- 
lation initiation factors to control the synthesis of certain classes 
of mRNAs (Ma and Blenis, 2009), we did not observe significant 
effects on the global levels of Arc mRNA or protein (Figure IF). 
This implies that mTOR is not a primary regulator of Arc protein 
translation or TDD of Arc mRNA under basal conditions. 

The above data can be used to extract rates of Arc mRNA 
and protein production and degradation in the basal state 
(Figure 1G), which indicate that Arc mRNA and protein are 
rapidly turned over and that protein production and mRNA 
degradation are linked. The rapid rates of production and degra- 
dation demonstrate that essentially all of the Arc mRNA and 
protein are replaced every 1-2 h. 

DYNAMICS OF Arc REGULATION BY NEURAL NETWORK ACTIVITY 

In the context of a negative feedback system, the fast kinet- 
ics and high basal turnover rate of Arc described above should 
allow its rapid and dynamic regulation in response to differ- 
ences between the desired and actual levels of neural activity. In 
order to better understand the dynamic regulation of Arc follow- 
ing changes in network activity, we either eliminated activity by 
blocking action potentials with the voltage-gated sodium chan- 
nel antagonist TTX or increased network activity by blocking 
inhibitory neurotransmission with the GABA receptor antagonist 
picrotoxin. 

We first examined the temporal dynamics of these pharmaco- 
logical manipulations on network activity by monitoring spiking 
responses in real time from neurons plated onto multi-electrode 
arrays (MEAs). We applied TTX to cultures at 21 DIV and found 
that within 5 min TTX blocked all action potential firing (base- 
line spike frequency = 7.52 Hz; TTX = 0 Hz). This suppression of 
activity was maintained for at least 48 h in the continued presence 
of TTX. Conversely, picrotoxin robustly increased the frequency 



of action potentials and converted network activity to a burst- 
ing pattern within 5 min of application (Figures 2A-C). Spiking 
rates recovered to baseline levels after 12 h of picrotoxin treatment 
and dropped slightly below the baseline by 48 h (Figures 2A,B), 
suggestive of homeostatic adjustment of network activity levels. 
These activity dynamics likely reflect engagement of activity- 
dependent homeostatic processes rather than loss of effectiveness 
or degradation of the drug as picrotoxin-conditioned media stim- 
ulated network activity and bursting to a similar degree as fresh 
picrotoxin in a pair of cultures plated on a split chamber MEA 
(Figure 2C). 

Multiple homeostatic systems are likely operating in parallel 
to restore network activity levels following blockade of inhibi- 
tion. Since action potentials in hippocampal projection neurons 
are largely driven by excitatory synaptic inputs, one important 
homeostatic mechanism is down-regulation of excitatory drive 
by removing glutamate receptors from synapses. We found evi- 
dence for this at the biochemical level as total protein levels 
of the AMPA receptor subunit GluAl were decreased 48 h after 
picrotoxin treatment (Figure 2D). Conversely, activity blockade, 
with TTX increased total levels of GluAl protein (Figure 2D). 
However, in this case, altering glutamatergic synaptic strength 
cannot restore activity as TTX blocks spiking downstream of 
synaptic drive. Notably, we found that many glutamate recep- 
tor subunits showed some degree of homeostatic compensation 
at the level of receptor surface expression (Figure 2E). This 
suggests that in this paradigm, excitatory drive is modulated 
non-selectively, either by adjusting levels of both AMPA- and 
NMDA-type glutamate receptors (Watt et al, 2000), or by chang- 
ing the overall number of excitatory synapses (Goold and Nicoll, 
2010). 

Arc-mediated endocytosis of surface glutamate receptors 
(Chowdhury et al, 2006; Rial Verde et al, 2006) is a key part of the 
homeostatic response to elevated activity and its down-regulation 
in low activity conditions is necessary to increase synaptic gluta- 
mate receptors (Shepherd et al., 2006). Therefore, as an actuator 
of this negative feedback pathway we investigated the temporal 
dynamics of Arc regulation by activity as well as the upstream 
pathways controlling its induction. Through this analysis we also 
determined whether the processes that tightly control Arc pro- 
duction and degradation in the basal state can account for the 
kinetics of Arc modulation by activity. We found that activity 
blockade with TTX significantly reduced Arc mRNA levels within 
2h to about 64% of basal levels (Figure 2F). Compared to com- 
plete transcriptional blockade (see Figure IB), TTX treatment 
resulted in a ~3 fold slower rate of mRNA decay, indicating that 
passive degradation of Arc mRNA was sufficient to account for 
its loss following activity blockade. In parallel, activity blockade 
resulted in a rapid drop in Arc protein levels (Figure 2G). Arc 
protein re-equilibrated at a similar or moderately slower rate to 
that of Arc mRNA following TTX and Arc protein in the presence 
of ActD, indicating that the high passive turnover of Arc protein 
is sufficient to explain its rate of decay in TTX. 

In contrast to activity blockade, elevated network activ- 
ity caused a rapid and robust increase in Arc mRNA within 
30 min, peaking with 2h of picrotoxin treatment (Figure 2F). 
Similarly, Arc protein increased with a delay relative to the 



Frontiers in Molecular Neuroscience 



www.frontiersin.org 



September 2013 | Volume 6 | Article 28 | 3 



Bateup et al. 



Activity-dependent regulation of Arc 



Picrotoxin-induced 
network activity 




B Picrotoxin time course C 

i puis mm * 

1PM r 

iiiiiiiiii • 

lillllllllll Is: 



Baseline 




Picrotoxin 



alii u 



J :,:li 



D Total GluA1 

- TTXPTX 
GluA1 ---- 

GAPDH m. m m m . 



S150-I x 

S100- 
50 
0 



tl 



I 



E Surface Receptors 

- TTX PTX 150 

G | U A2IP- i<™ 

GluN1 IP 
GluN2A IP — — — — - 
GluN2B IP — — 
GAPDH Inpu f — - ■ 



1 min. 
GluA1 GluA2 



GluN1 



< 



III I 

1 min. 

GluN2A GluN2B 



-JL. 

100' a loo- ^br^i 10 °- A ioo-aI 1 ] ioo- a 

J&f 



TTX 
30' 2h 6h 24h 



0° OF" 
PTX 

30' 2h 6h 24h 




12 16 
Time (h) 



FIGURE 2 | High levels of network activity induce Arc mRNA and 
protein, down-scaling of glutamate receptors, and homeostatic 
plasticity of network spiking rates. (A) Average spike rate per electrode 
[n = 8 experiments, plotted individually in gray) from hippocampal neurons 
plated onto multi-electrode arrays and treated with 0.5 yiM picrotoxin for the 
indicated durations in hours. (B) Raster plots of multi-unit activity recorded 
at different times following picrotoxin treatment. Each line represents a 
single spike detected in a given channel during a one minute recording. (C) 
Neurons were plated onto two sides of a split-chamber MEA and baseline 
activity was recorded from both cultures at DIV 14 (top panel). The neurons 
on electrodes #1-32 (Array 1 ) were then treated with conditioned media 
(CM) from another culture previously incubated with 1 |iM picrotoxin for six 
hours. The neurons on electrodes #33-64 (Array 2) were treated with 1 |iM 
freshly prepared picrotoxin (Drug). Spiking responses were recorded five 
minutes later (bottom panel). (D) Total levels of GluA1 protein normalized to 



GAPDH loading control following 48 h treatment with TTX or picrotoxin 
(PTX). (E) Left: western blots from a biotin surface-protein labeling 
experiment from cultures treated for 48 h with TTX or PTX. Surface proteins 
were labeled with biotin and immunoprecipitated ("IP"). "Input" panel 
shows equivalent GAPDH in total cell lysates from each condition. Right: 
quantification of surface levels of glutamate receptor subunits following 48 h 
treatment with TTX or PTX (n = 6 samples). "Indicates significant difference 
(p < 0.05) from baseline. (F) Time courses of Arc mRNA levels following 
treatment with 50(iM picrotoxin (blue line) or 1 (aM TTX (gray line) for the 
indicated times in hours. (G) Top: representative western blots of Arc 
protein levels following treatment with TTX (left) or picrotoxin (PTX, right). 
Arc values were normalized to GAPDH loading control for each sample. 
Bottom: average Arc protein levels for neurons treated with picrotoxin (blue) 
or TTX (gray). All data are represented as mean ± SEM. Dotted lines at 
100% indicate baseline levels. 



mRNA, peaking 2-6 h after picrotoxin application (Figure 2G). 
The time when Arc protein levels were maximally high corre- 
sponded to the time when there was the steepest drop in net- 
work activity (see Figure 2A) despite the continued presence of 
picrotoxin. Therefore, Arc may have been acting to normalize 
activity over this time scale. Taken together, these data indicate 
that Arc levels are rapidly and robustly modulated in a bidirec- 
tional manner within a few hours of altered network activity, a 



time course consistent with subsequent restoration of network 
activity. 

ACTIVITY SENSORS AND CONTROL PATHWAYS REGULATING THE 
PRODUCTION OF Arc 

After establishing the temporal dynamics over which the Arc 
homeostatic pathway operates, we examined the upstream sig- 
nals that might serve as homeostatic sensors linking changes in 
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network activity to Arc production. During mGluR-LTD, acti- 
vation of group 1 mGluRs leads to the local dendritic synthesis 
of Arc protein which removes AMPA receptors from the stim- 
ulated synapse resulting in long-term depression (Park et al., 
2008; Waung et al., 2008). To determine whether mGluRs medi- 
ate the network activity-dependent production of Arc we blocked 
group 1 mGluRs during picrotoxin treatment. We found no effect 
of either the selective mGluR5 antagonist MPEP (Figure 3A) 
or the mGluRl/5 antagonist AIDA (Arc protein in picro- 
toxin = 1173 ± 89.9% of control; Picrotoxin + AIDA = 1131 ± 
61.3% of control) on the induction of Arc protein by activity 



indicating that different mechanisms regulate the production of 
Arc during global network activity changes and synapse-specific 
mGluR-LTD. 

Calcium is an important second messenger in neurons that is 
vital for transducing network activity into long-term changes in 
neuronal function in a variety of plasticity paradigms. However, 
there are many possible routes for calcium entry and differen- 
tial engagement of calcium sources has distinct consequences on 
the neuronal response to activity (Greer and Greenberg, 2008). 
Therefore, we tested the contribution of several calcium sources 
to the activity-dependent production of Arc. Although they are 
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FIGURE 3 | The activity-dependent induction of Arc requires 
ERK1/2-dependent transcription. (A-C) Bar graphs displaying western blot 
data of Arc protein normalized to GAPDH loading control. Hippocampal 
cultures were treated for 2 h with 50 u-M picrotoxin (PTX) and pre-incubated 
for30min with either4u.M MPEP (A), 10u.M NASPM (B), 5u.M nimodipine 
(Nimod) and/or 10 (iM CPP (C). (D) Top: representative western blots of 
phosphorylated ERK1/2 (p-ERK1/2, Thr202ATyr204) normalized to total ERK1/2 
protein following treatment with TTX (left) or picrotoxin (PTX, right) for the 
indicated times in hours. Bottom: average p-ERK1/2 levels in neurons treated 
with picrotoxin (blue) or TTX (gray) for the indicated times. Dotted lines at 
100% indicate baseline levels. (E) Western blot data of p-ERK1/2 normalized 



to total ERK1 12 following 2 hour treatment with nimodipine, CPP and/or 
picrotoxin as indicated. (F,H) Western blot data of Arc protein normalized to 
GAPDH following six hour treatment with picrotoxin with and without 5 |iM 
U0126 (F) or 8|iM actinomycin D (ActD, H). (G) Spike frequency expressed 
as a percentage of baseline determined by multi-electrode array recordings of 
pairs of cultures treated with DMSO or 20u.M U0126 for 24 h. (I) Quantitative 
RT-PCR data of Arc mRNA levels following six hour treatment with picrotoxin 
with and without 5u,M U0126. All data are from 2-3 independent 
experiments and are represented as mean ± SEM. "Indicates significant 
difference (p < 0.05) from control baseline level. "Indicates significant 
difference (p < 0.05) from picrotoxin treated. 
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required for the expression of several forms of synaptic plastic- 
ity including synaptic scaling (Perkinton et al., 1999; Tian and 
Feig, 2006; Beique et al., 2011), we found that calcium perme- 
able AMPA receptors were not required for the induction of Arc 
protein by activity (Figure 3B). In contrast, NMDA receptors 
(NMDAR) and L-type voltage-gated calcium channels (L-VGCC) 
each made a small contribution and together accounted for most 
of the activity-dependent upregulation of Arc protein by picro- 
toxin (Figure 3C). Notably, blockade of either NMDA receptors 
alone or both NMDARs and L-VGCCs reduced basal levels of 
Arc protein suggesting that ongoing calcium entry through these 
channels in response to normal activity maintains basal lev- 
els of Arc (Figure 3C). Thus, NMDARs and L-VGCCs are key 
components of the activity sensor upstream of Arc. 

One calcium-responsive pathway that is vital for a number of 
synaptic processes and forms of plasticity, and therefore, may be 
an integral part of the homeostatic controller, is the MEK-ERK 
pathway. Consistent with this possibility, we found that ERK1/2 
phosphorylation was rapidly, robustly, and bi-directionally mod- 
ulated by network activity (Figure 3D). The phosphorylation of 
ERK1/2 occurred on a time scale preceding the changes in Arc 
mRNA and protein (see Figures 2F,G) and could therefore, lie 
downstream of NMDARs and L-VGCCs to regulate synthesis of 
Arc. In line with this, combined blockade of NMDARs and L- 
VGCCs significantly reduced both the basal and activity-induced 
phosphorylation of ERK1/2 (Figure 3E). To determine whether 
MEK-ERK signaling was directly responsible for the upregula- 
tion of Arc by activity, we blocked the pathway with U0126 
and found that it prevented the induction of Arc protein by 
picrotoxin (Figure 3F). We used U0126 at a concentration of 
5 (xM because we found that higher doses acutely affected net- 
work activity (20 |xM reduced activity by 66% within 5 min) 
resulting in a chronic reduction in spiking activity (Figure 3G). 
This suggests that high concentrations of U0126 may have off- 
target effects that directly affect neuronal activity (Yuan et al., 
2006). 

The MEK-ERK pathway can regulate both transcription and 
translation in neurons via activation of different downstream 
targets (Kelleher et al, 2004; Wiegert and Bading, 2011). In 
this paradigm we found that the induction of Arc protein by 
picrotoxin was abolished by the transcriptional inhibitor ActD 
(Figure 3H) indicating that the regulated step is at the level 
of transcription. Therefore, the synthesis of new Arc mRNA is 
required and acute translation of preexisting mRNA is not a 
major contributor to the induction of Arc protein by global net- 
work activity. We find that ERK1/2 is the primary regulator of 
activity-induced Arc transcription because the up-regulation of 
Arc mRNA with picrotoxin was significantly reduced by pre- 
incubation with U0126 (Figure 31). 

Taken together, these results support the following model for 
the negative feedback regulation of network activity in hippocam- 
pal cultures (Figure 4A). Chronic, high levels of network activity 
result in calcium influx through NMDARs and L-VGCCs which 
activate the MEK-ERK pathway that is largely responsible for acti- 
vating the transcription of Arc mRNA. Arc mRNA is made into 
protein, causing subsequent degradation of the mRNA, which 
then regulates surface glutamate receptor levels as a means to 



normalize excitatory drive. We have observed the bidirectional, 
temporal dynamics of the components of this feedback loop in 
wild-type cells where this pathway, and presumably others, are 
capable of normalizing network activity in response to a global 
perturbation. However, what happens to this feedback pathway 
in a pathological state in which activity is constitutively high? 

We have previously shown that conditional deletion of the 
mTOR negative regulator, Tscl, results in chronically high hip- 
pocampal network activity levels in vitro and severe seizures 
in vivo (Bateup et al., 2013). In that study we observed tonic 
engagement of homeostatic scaling of glutamate receptors in an 
attempt to counteract the high levels of activity. Since the MEK- 
ERK and mTOR pathways converge at the biochemical level 
(Mendoza et al, 2011) and work in concert to regulate several 
types of synaptic plasticity (Banko et al, 2006; Gelinas et al, 2007; 
Costa-Mattioli et al, 2009), we further investigated ERK1/2 sig- 
naling in Tscl KO neurons and the interactions between mTOR 
and ERK1/2 during homeostatic plasticity. To do this we prepared 
dissociated hippocampal cultures from mice with conditional 
alleles of Tscl (Kwiatkowski et al., 2002) and added high titer 
lentivirus expressing either synapsin-driven GFP (Control) or 
GFP-IRES-Cre (Tscl KO) to delete Tscl and cause up-regulation 
of mTOR signaling. By 14DIV we observed near complete loss 
of Tscl protein and destabilization and degradation of its binding 
partner Tsc2 (Figure 4B). 

Similar to the high levels of Arc we previously observed in 
Tscl KO neurons (Bateup et al., 2013, see also Figure 4D), we 
found that phosphorylated ERK1/2 levels were constitutively high 
in an mTOR-independent manner (Figure 4C). Furthermore, 
activation of the ERK-dependent transcriptional pathway was 
directly responsible for the high levels of Arc following loss of 
Tscl as blocking MEK-ERK signaling with U0126 (Figure 4D) or 
blocking transcription with ActD (Figure 4E) reduced the tonic 
upregulation of Arc in Tscl KO neurons. Additionally, block- 
ing either the activity- drive with TTX or the activity sensors 
NMDAR/L-VGCCs was sufficient to reverse the high levels of 
both p-ERK (Figure 4F) and Arc (Figure 4G) in Tscl KO cul- 
tures. These data support the model described in Figure 4A and 
demonstrate that the entire activity-dependent negative feedback 
module is tonically active in Tscl KO networks in vitro. This path- 
way is presumably chronically engaged because down-scaling of 
excitatory drive is not able to compensate for the primary loss of 
inhibition in the network caused by loss of Tscl (Bateup et al., 
2013). 

We also found that mTOR signaling was bi-directionally reg- 
ulated by network activity in control neurons on a time scale 
similar to Arc and p-ERKl/2 (Figure 5A). However, this was 
independent of ERK1/2 as blocking MEK-ERK signaling did not 
significantly affect phosphorylation of the mTOR target S6 in 
control or Tscl KO neurons (Figure 5B), nor did it affect the 
activity-dependent up-regulation of p-S6 (Figure 5C). This is in 
contrast to the complete loss of phosphorylated S6 following 
treatment with the mTOR inhibitor rapamycin (Figures 5B,C), 
demonstrating that mTOR is the primary signaling pathway 
regulating p-S6 at Ser240/244 under basal and high activity 
conditions. Thus, together with our previous findings showing 
that mTOR is a positive regulator of network activity by reducing 
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FIGURE 4 | The ERK1/2-Arc negative feedback pathway is tonically 
active in Tscl KO neurons and is independent of mTOR. (A) Schematic 
depicting the ERK1/2-Arc negative feedback pathway regulating hippocampal 
network activity. (B) Bar graphs show western blot data of Tsc1 and Tsc2 
protein levels normalized to GAPDH or (S-Actin loading control on DIV 14 from 
control (black) and Tsc1 KO (red) cultures. (CD) Western blot data of 
p-ERK1/2 normalized to total ERK1/2 (C) and Arc protein normalized to 
p-Actin loading control (D) in control and Tscl KO cultures following six hour 



treatment with 50 nM rapamycin (Rapa) or 5[iM U0126. (E) Western blot data 
of Arc protein normalized to p-Actin loading control in control and Tscl KO 
cultures treated for six hours with 8\iM actinomycin D (ActD). (EG) Western 
blot data of p-ERK1/2 (F) and Arc (G) in control and Tscl KO neurons with and 
without 1 iaM TTX (six hours) or 10 u.M CPP plus 5(lM Nimodipine (C/N, two 
hours). All data are from 2-3 independent experiments and are represented 
as mean ± SEM. "Indicates significant difference (p < 0.05) from control. 
"Indicates significant difference (p < 0.05) from untreated Tscl KO. 



levels of inhibition (Bateup et al., 2013), we conclude that ERK1/2 
and mTOR comprise independent and opposing feedback path- 
ways that control hippocampal network excitability via distinct 
mechanisms. 

DISCUSSION 

In this study, we investigated the dynamics of a homeostatic 
signaling pathway induced by network activity in hippocampal 
neurons. Diverse molecules and mechanisms have been identi- 
fied that control homeostatic plasticity in neurons, highlighting 
the importance of these processes for network stability (Pozo and 
Goda, 2010). Here we investigated the kinetics and regulation of 
Arc, which is a key post-synaptic homeostatic actuator respon- 
sible for scaling synaptic glutamate receptors following chronic 
activity manipulations (Shepherd et al, 2006). Specifically, we 
determined the contribution of transcriptional and translational 
control to the basal and activity-dependent induction of Arc, 
the relevant signaling pathways responsible for regulating Arc, 
and the time course of these signaling changes as they relate 
to the restoration of network activity. We find that an ERK1/2- 
dependent transcriptional pathway active within 1-2 h of up- 
regulated network activity is responsible for regulating Arc and 



that mechanisms are in place to rapidly degrade Arc mRNA and 
protein when activity is low. In addition we find that although 
mTOR signaling is also regulated by network activity, mTOR- 
dependent translational control is not a major regulator of global 
Arc levels during homeostatic plasticity. 

KINETICS OF Arc PRODUCTION AND DEGRADATION 

In this study we provide quantitative analysis of the kinetics of 
production and degradation of Arc mRNA and protein under 
basal and activity-modulated conditions. We find that ongoing 
transcription is necessary to maintain basal Arc mRNA and pro- 
tein levels and that specialized processes are in place to rapidly 
degrade Arc mRNA and protein such that they have half-lives 
of less than 1 h. One such mechanism is translation-dependent 
decay of Arc mRNA (Giorgi et al, 2007), which is revealed by our 
finding that blockade of protein translation caused accumulation 
of Arc mRNA and slowed its degradation rate when transcription 
was blocked. Other mechanisms contributing to the tight tem- 
poral and spatial control of Arc include specialized machinery 
for rapid, activity-induced transcription by stalled Pol II (Saha 
et al., 2011) and protein degradation via the activity- regulated 
ubiquitin ligase Ube3A (Greer et al., 2010). Interestingly, despite 
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FIGURE 5 | ERK1/2 blockade does not impact basal or activity-regulated 
phosphorylation of the mTOR pathway target S6. (A) Western blot data of 
average phosphorylated S6 (p-S6, Ser240/244) levels normalized to total S6 in 
control neurons treated with picrotoxin (PTX, blue) or TTX (gray) for the 
indicated times. Dotted lines at 100% indicate baseline levels. (B) Western 
blot data of phosphorylated S6 in control (black) and Tsc1 KO neurons (red) 
following six hour treatment with 50 nM rapamycin (Rapa) or 5 \lM U0126. 



(C) Western blot data of phosphorylated S6 in control neurons following six 
hour treatment with 50 \i.M picrotoxin (PTX), with or without 50 nM rapamycin 
or 5|iM U0126. All data are from 2-3 independent experiments and are 
represented as mean ± SEM. 'Indicates significant difference (p < 0.05) from 
untreated control. "Indicates significant difference (p < 0.05) from untreated 
Tscl KO. indicates significant difference (p < 0.05) from picrotoxin treated 
control, n.s. indicates no significant difference between groups. 



the range of dynamic regulatory mechanisms for Arc, we find 
that mTOR and mTOR-dependent translation are not impor- 
tant for controlling Arc production or degradation under basal 
conditions or following chronic changes in network activity in 
hippocampal cultures. These results are in close agreement with 
a recent study examining the dynamics of Arc in human neu- 
roblastoma cells in response to muscarinic receptor stimulation 
(Soule etal, 2012). 

ACTIVITY-DEPENDENT REGULATION OF Arc 

We investigated the temporal dynamics of the signaling pathways 
regulating Arc in response to changes in network activity and 
determined the time frame over which this homeostatic path- 
way acts. We find that blocking inhibition with picrotoxin results 
in a rapid (within 5 min) increase in spiking frequency, and a 
conversion of network activity to a highly correlated, bursting 
pattern. We monitored network activity in the continued pres- 
ence of picrotoxin and found a pattern indicative of homeostatic 
restoration of spiking rate by 12 h. We observed compensatory 
changes in both AMPA- and NMDA-type glutamate receptors at 
the biochemical level consistent with the possibility that changes 
in excitatory drive were acting to normalize network spike rates. 
Since we found changes in both surface and total levels of gluta- 
mate receptors, one possibility is that Arc stimulates removal of 
receptors from synapses which leads to subsequent degradation 
(Fu et al., 2011) or full-scale loss of excitatory synapses via other 
mechanisms. 

The regulation of Arc has been studied in several con- 
texts with differential contribution of translational and tran- 
scriptional control (Bramham et al., 2010; Shepherd and Bear, 
2011). Here we have investigated the regulation of Arc by 
chronic (several hours) changes in network activity in dissociated 



hippocampal cultures. We find that the rate-limiting step is 
mRNA transcription which is dependent on the activation of 
ERK1/2. Activity-responsive elements have been identified in the 
Arc promoter that contain binding sites for SRF, CREB, and 
MEF2 (Kawashima et al, 2009; Pintchovski et al., 2009). ERK1/2 
could impact the activity of these elements directly via phos- 
phorylation of CREB, or indirectly through intermediate kinases 
and transcription factors such as MSK1/2, RSK, and Elk-1. An 
ERKl/2-dependent transcriptional pathway also regulates Arc 
during the induction of LTP following high frequency stimula- 
tion or BDNF infusion into the dentate gyrus in vivo (Ying et al., 
2002; Panja et al., 2009) and in cortical cultures in vitro (Rao 
et al, 2006). It is important to note, however, that these studies 
used U0126 at concentrations of 20u,M and higher which may 
have directly blocked network activity (see Figure 3G), thereby 
eliminating the signal necessary for activity-dependent Arc 
upregulation. 

MECHANISMS OF SYNAPSE-SPECIFIC VS. HOMEOSTATIC PLASTICITY 

Although some signaling components might be shared, we 
find that the mechanisms involved in homeostatic plasticity are 
largely distinct from those observed in synapse-specific plas- 
ticity. For example, in addition to synaptic scaling (Shepherd 
et al., 2006), Arc is also required for mGluR-LTD (Park et al., 
2008; Waung et al„ 2008) and BDNF-induced long-term poten- 
tiation (Messaoudi et al., 2007). In mGluR-LTD, activation of 
mGluRs results in local synthesis of pre-existing Arc mRNA 
which requires both ERK1/2 and mTOR-dependent transla- 
tional control (Gallagher et al., 2004; Hou and Klann, 2004; 
Banko et al., 2006; Antion et al, 2008). Similarly, in response 
to application of the neurotrophin BDNF, the translation of 
Arc protein is increased in an mTOR and ERKl/2-dependent 
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manner (Takei et al, 2004; Briz et al., 2013). In contrast to 
these forms of plasticity, which occur relatively rapidly and 
locally affect a sub-set of synapses, we find that during home- 
ostatic plasticity Arc is induced by an ERKl/2-dependent tran- 
scriptional pathway which is independent of translational con- 
trol by mTOR. Together these studies suggest that in response 
to different types of stimuli, Arc can be induced via distinct 
and potentially non-overlapping mechanisms. Notably, ERK1/2- 
dependent but mTOR-independent regulation of Arc has also 
been reported in vivo following high frequency stimulation that 
evokes long-term potentiation in the dentate gyrus (Panja et al., 
2009). Although the signaling mechanisms in that study par- 
allel what we find here, it is important to note that LTP and 
synaptic scaling produce opposite effects on synaptic strength. 
Key differences between LTP and homeostatic plasticity are the 
spatial and temporal scales over which they operate. It is pos- 
sible that Arc acts on different substrates or interacts with 
distinct partners to mediate these contrasting types of plastic- 
ity. In support of this, it was recently shown that in response 
to prolonged (>8h) high levels of activity, Arc translocates to 
the nucleus where it down-regulates the expression of GluAl 
resulting in a global decrease in synaptic strength. By con- 
trast, at earlier time points after the activity stimulation, Arc 
was excluded from the nucleus and it is possible that during 
this time window, Arc might interact with synaptic proteins in 
the cytoplasm to locally facilitate LTP via other mechanisms 
(Korbetal, 2013). 

In addition to studying the signaling mechanisms involved 
in the production of Arc, we also investigated the relation- 
ship between the mTOR and ERK1/2 signaling pathways during 
homeostatic plasticity. Studies in non- neuronal cells have demon- 
strated that ERK1/2 activates mTOR signaling via inhibition of 
Tscl/2 (Ma et al, 2005), suggesting that ERK1/2 and mTOR 
may operate in a common pathway. Indeed, as discussed above, 
mTOR and ERK1/2 appear to both be required for certain forms 
of LTD and LTP. Here we find that ERK1/2 and mTOR signal- 
ing are largely independent as up- or down-regulation of mTOR 
had no effect on the activity-dependent induction of ERK1/2 and 
blockade of ERK1/2 signaling did not perturb basal or activity- 
regulated mTOR signaling. This may reflect cell-type specific 
differences in signaling mechanisms between proliferating cells 
and differentiated neurons (Ma and Blenis, 2009). Alternatively, 
homeostatic plasticity and synapse-specific plasticity operate on 
different temporal and spatial scales. Here we have investigated 
global signaling responses to chronic manipulations of network 
activity over several hours to days. Our findings do not preclude 
the possibility that ERK1/2 and mTOR work together in other 
plasticity paradigms operating on subclasses of targets in more 
spatially restricted domains. 

Taken together, our findings define the temporal dynamics and 
functional relationships between mTOR, ERK1/2 and Arc during 
homeostatic plasticity in mouse hippocampal neurons. Since dis- 
ruptions in synaptic and network homeostasis may be a common 
pathophysiology in neurodevelopmental disorders (Toro et al., 
2010; Zoghbi and Bear, 2012), our findings elucidate possible 
points of vulnerability and intervention that might be relevant for 
disease. 



MATERIALS AND METHODS 

All animal handling was performed in accordance with guide- 
lines approved by the Harvard Institutional Animal Care and Use 
Committee and federal guidelines. 

DRUGS AND ANTIBODIES 

Reagents were obtained from the following sources: U0126 
(Calbiochem); Rapamycin, Actinomycin D, and NASPM (Sigma); 
Picrotoxin, TTX, MPEP, AIDA, Nimodipine, CPP, and CHX 
(Tocris). Antibodies for western blotting were obtained from: 
Arc (Santa Cruz and Synaptic Systems), Tscl and Tsc2 (Bethyl 
Labs), P-Actin (Sigma), GluAl (Calbiochem), GluA2, GluNl, 
and GluN2A (all from Millipore), GluN2B (BD Biosciences), 
Homer (Santa Cruz), p-S6 (S240/244), total S6, p-ERKl/2 
(Thr202/Tyr204), total ERK1/2, and GAPDH (all from Cell 
Signaling). 

DISSOCIATED HIPPOCAMPAL CULTURES 

Primary dissociated hippocampal cultures were prepared from 
P0-1 C57B1/6 (Charles River) or Tsclf 1 ^ mice (Kwiatkowski et al, 
2002) using standard protocols. Neurons were maintained in 
Neurobasal media (GIBCO) with glutamine, pen/strep, and B-27 
supplement (GIBCO). Cytosine arabinoside (Sigma) was added 
at 5 DIV to prevent glial proliferation. For biochemical exper- 
iments 1.8-2 x 10 5 cells were plated onto 24-well plates 
pre-coated with Poly-D-Lysine (PDL). For cultures made 
from Tsclfllf 1 mice, lentivirus prepared by the Harvard 
Gene Therapy Initiative (HGTI) expressing either GFP 
(6 x 10 8 IU/mL, Control) or GFP-IRES-Cre (2.1 x 10 8 IU/mL, 
Tscl KO) from the synapsin promoter was added at 2 days 
in vitro (DIV). 

WESTERN BLOTTING 

Unless otherwise indicated, cells were harvested at 14 DIV in 
lysis buffer containing 2mM EDTA, 2mM EGTA, 1% Triton- 
X, 0.5% SDS in PBS with Halt phosphatase inhibitor cocktail 
(Thermo) and Complete mini EDTA-free protease inhibitor cock- 
tail (Roche). Total protein was determined by BCA assay (Pierce), 
and 10-15 jig of protein in 4x Laemmli sample buffer were 
loaded onto Tris-HCl gels (Bio-Rad). Proteins were transferred 
to PVDF membranes, blocked in 5% milk in TBS-Tween for 
1 h at room temperature (RT), and incubated with primary 
antibodies overnight at 4°C. Blots were incubated with HRP- 
conjugated secondary antibodies (Bio-Rad) for 1 h at RT, washed, 
incubated with chemiluminesence substrate (Perkin-Elmer), and 
developed on Kodak Bio-Max film. Bands were quantified by 
densitometry using Image J software. Phospho-proteins were 
normalized to their respective total proteins and non-phospho- 
proteins were normalized to either a GAPDH or P-Actin loading 
control. 

QUANTITATIVE RT-PCR 

RNA was extracted from neuronal lysates using an RNeasy 
kit (Qiagen) with on-column DNAse digestion. RNA levels 
and purity were assessed with a NanoDrop spectrophotometer. 
Reverse transcription was performed on 180 ng of total RNA 
using oligo dT primers and Thermoscript reverse transcriptase 
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(Invitrogen) at 50° C. Real-time PCR was performed in an ABI 
Prism 7000 (Applied Biosystems) with Platinum SYBR green 
qPCR SuperMIX-UDG with ROX (Invitrogen). Values for Arc 
were normalized to GAPDH for each sample. Primers for the 
analysis of endogenous gene expression were: 

Arc forward: 5'-ACC CAC TCC CCA AGA CCC T-3' 
Arc reverse: 3'-GCA CTT CCA TAC CCC TCT GG-3' 
GAPDH forward: 5'-TTC ACC ACC ATG GAG AAG GC-3' 
GAPDH reverse: 5'-CCC TTT TGG CTC CAC CCT-3' 

MODELING OF Arc mRNA AND PROTEIN DYNAMICS 

The dynamics of Arc mRNA and protein production and degra- 
dation in the basal state were modeled using zero and first orders 
kinetics (Figure IE). Since the absolute concentrations of mRNA 
and protein are unknown, rates are expressed relative to the steady 
state concentration and have units of h _1 . Therefore, in order to 
distinguish zero order production rates (i.e., constants) and first 
order degradation and translation rates (i.e., proportional) we use 
r for the former and k for the later. Exponential fit to the time 
course of mRNA decay in the basal state after addition of ActD 
indicates fast first-order rate constants of decay ^g NA = 1 • 6 h _ 1 . 
Similarly, protein levels decline quickly in ActD such that the 
apparent rate of protein degradation is k^*°^l = 0.8 h _1 , reflect- 
ing the balance of protein production from residual mRNA and 
the decay of protein due to degradation. Correcting for the mRNA 
degradation rate, yields an estimate of the protein degradation 

1.36b- 1 . 



rateofit, pr0tein 

deg 



^mRNA.deg 



k 2 

protein, app, deg 



In the basal state, addition of the broad translational inhibitor 
CHX led to accumulation of Arc mRNA. Co-application of CHX 
and ActD slowed the degradation of Arc mRNA relative to appli- 
cation of ActD alone to fc^d = 0.98 b- 1 (Figure ID). This 
indicates that 40% of the decay of Arc mRNA in the basal state 
is via a CHX, and presumably translation, sensitive mechanism 
(« A = ^ e f A -fc^ A HX = 0.6h- 1 ). 

Two estimates of rates of mRNA production in the basal 
state can be made based on these data. First, given steady 
state, the rate of Arc mRNA production and degradation must 
be balanced. This indicates that Arc mRNA must be pro- 
duced at r mRNA = 1.6 h _1 where r is used to designate the 
zero order fixed production rate at steady state in basal con- 
ditions and to contrast to the first order k. Separately, the 
initial rate of accumulation of Arc in the presence of CHX 
is 0.9/h, which when corrected for the rate of translation- 



independent decay, renders an estimate of r 



.mRNA 



1.9h _ \ in 



relatively good agreement with the above independent estimate 
of 1.6. 

MULTI-ELECTRODE ARRAY RECORDINGS 

Dissociated hippocampal cultures were prepared as above and 
plated onto MED64 single or dual-chamber probes (MED-P515A 
or MED-P5D15A, AutoMate Scientific) pre-coated with PDL 
and laminin (Invitrogen) at a density of ~4.2 x 10 3 cells/mm 2 . 
The plating area was restricted to achieve complete coverage 
of the central planar electrode array while avoiding plating 



cells on the outer reference electrodes. Two minute recordings 
were performed in a 37°C/5% CO2 incubator with a MED64 
Multi-electrode Array System using a Panasonic 64-channel 
amplifier and Mobius software (AutoMate Scientific). Spikes were 
detected using Mobius software with the threshold set at ± 
0.009 mV (>2 fold the baseline). Subsequent analysis was per- 
formed in Igor Pro (Wavemetrics) using custom software. Data 
are presented as average spike rate per electrode, determined 
by calculating the individual spike rate in Hz for each elec- 
trode and averaging this value across all 32 or 64 channels in 
the array. 

BI0TIN SURFACE RECEPTOR LABELING 

Dissociated hippocampal cultures were plated onto PDL-coated 
12-well plates at a density of 5 x 10 5 cells per well. At 12DIV 
cultures were treated with either vehicle, 1 |xM TTX or 50 \iM 
picrotoxin. Forty-eight hours later cells were rinsed briefly in 
ice-cold 1 x DBPS (+Ca/Mg) and incubated in a 1 mg/mL solu- 
tion of Sulfo-NHS-SS-Biotin (Thermo) for 30min at 4°C under 
non-permeabilizing conditions. Cells were washed 3x5 min in 
cold 100 mM glycine, washed briefly in lx DPBS, and har- 
vested in 100 uL RIPA buffer (Sigma) with Halt phosphatase 
inhibitor cocktail (Thermo) and Complete mini EDTA-free pro- 
tease inhibitor cocktail (Roche). 25 uL of lysate was removed to 
determine total protein concentration and retained as the input 
fraction for western blotting. Equal amounts of protein were 
added to 25 uL of washed NeutrAvidin UltraLink Resin (Thermo) 
and rotated overnight at 4°C. Resin was washed 3 times in lysis 
buffer and Biotin-labeled proteins were eluted by boiling for 
5 min in Laemmli sample buffer and analyzed by western blotting 
as above. 

STATISTICAL ANALYSIS 

For comparisons between two groups, a two-tailed paired or 
unpaired student's f-test was used. For comparisons between 
multiple groups including time course data, a One-Way 
ANOVA with Bonferroni correction for multiple comparisons 
was used. 
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